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Introduction
Mesenchymal stem cells (MSCs) have potential utility in various treatment strategies including immunoregulatory and regenerative therapies [1, 2] , and their effects of MSCs on immune cells is an important area of research. MSCs display broad immunomodulatory properties, both in vitro and in vivo [3] [4] [5] . The role of T-cells in graft rejection is fairly well documented, and the effects of MSCs on T-cells have been the focus of several studies to date. The finding that MSCs attenuate the T-cell response in graft rejection has led to their application as adjuncts to reduce transplant rejection [6] . However, the role of B-cells in transplant rejection was uncovered only recently, and the effect of MSCs on these cells has only just begun to be elucidated [7] . Inconsistent results have been reported, which are partly attributable to differences in experimental design between studies [8] [9] [10] [11] , highlighting the need for additional research in this area. Furthermore, the interactions of MSCs with the specific group of B-cells involved in regulating immune responses (regulatory B-cells or Bregs) are currently unknown.
Regulatory B cells negatively regulate immune responses via secretion of interleukin (IL)-10. The potent subsets of regulatory B cells have been functionally defined by their immune-suppressive actions in vitro and in vivo [12, 13] . Mauri 
CD1d
hi T2 marginal zone (MZ) precursor B cell group with confirmed regulatory functions [13] . IL-10-producing B cells, termed "B10" cells were characterized by the group of Tedder [14] . The latter are mainly detected within the CD1d hi CD5
+ splenic B cell subset [14] [15] [16] . IL-10-producing Bregs are not present under normal physiological conditions, but generated during inflammatory processes [17] . Under these conditions, they play an important role in limiting inflammation and facilitating recovery as well as inducing tolerance [17] . In the current study, we initially investigated that the capacity of MSCs to generate Breg cells in the presence of LPS and αCD40.
The immunoregulatory function of MSCs is exerted both through cell-cell contact and release of soluble factors, such as IL-10, IL-6, IL-2, IFN-γ, and TNF-α [4, 16, 18, 19] . The SDF-1-CXCR4/CXCR7 axis is known to play an important role in the secretory action of MSCs. The chemokine stromal derived factor-1α (CXCL12/SDF-1) is implicated in many biological processes, including stem cell biology, leucocyte trafficking, cancer, and inflammatory disorders [20] [21] [22] [23] . CXCR4 is a typical chemokine receptor known to activate a variety of cellular processes, such as proliferation, apoptosis, survival, chemotaxis and differentiation [24, 25] . Previous research has shown that human breast adipose-derived stem cells (HBASCs) transfected with CXCR4 can enhance the survival and quality of transplanted free fat tissues in nude mice [26] . CXCR7, an atypical chemokine receptor that binds CXCL12 and CXCL11 [27] , has also been shown to associate with CXCR4 and regulate CXCR4/SDF-1-mediated processes, such as the migration of plasmablasts during B-cell maturation [28] . However, the CXCR7-mediated cellular responses to CXCL12 are still largely unknown. Here, we investigated the effects of the SDF-1-CXCR7 axis on the cell viability, secretory activity, and immunoregulatory effects of MSCs in vitro. Our results support the potential utility of the crucial SDF-1-CXCR7 pathwayas an effective target for improving the beneficial effects of the immunomodulatory properties of MSCs.
Grand Island, NY, USA) containing 10% fetal calf serum (FBS, Hyclone Laboratories Logan, UT, USA) and 1% penicillin-streptomycin (Gibco), and plated at a density of 1 x 10 6 cells/cm. MSCs were isolated using negative selection with a CD45+ microbead kit (MiltenyiBiotec, BergischGladbach, Germany). Isolated MSCs were characterized via flow cytometry using mesodermal and hematopoietic markers, and their adipogenic and osteogenic differentiation potential examined according to the procedure described by Carrion et al. [30] .
B-cell isolation and culture
Splenic cells were acquired from C57BL/6 mice (6-8 weeks old) as described previously (Kuan, 2011) . B lymphocytes were positively selected from total splenocytes with the magnetic-activated cell sorting (MACS) cell separation system (MiltenyiBiotec) using anti-mouse CD19 microbeads,according to the manufacturer's instructions. The selected cells were washed with phosphate buffered saline (PBS), suspended in RPMI 1640 (Gibco) supplemented with 10% FBS (Gibco), cultured in 12-well flat-bottom plates (Costar, Cambridge, MA, USA) at a density of 2.5×10 6 cells/ml, and incubated at 37℃ and 5% CO 2 in a Heracell incubator (Heraeus group, Hanau, Germany). The resulting B cell fraction contained >95% CD19+ B cells as determined with flow cytometry (FCM).
B-cell/MSCs co-culture MACS-purified CD19
+ B cells activated in vitro using LPS (10μg/ml) and an agonistic mAb against CD40 (αCD40, 10μg/ml; clone FGK45) were co-cultured in 96-well plates at ratios of 1:1, 10:1, and 100:1 with MSCs suspended in RPMI 1640 (Gibco BRL, Life Technologies, Carlsbad, CA, USA) containing 10% FBS (Gibco). After 4 days, CD19 + B cells were collected, and phenotypic analysis was performed using FCM. To determine whether the SDF-1-CXCR7 pathway plays a role in the immunomodulatory effect of MSCs on B cells, MSCs were stimulated with various concentrations of SDF-1α (Millipore, Billerica, MA, USA) or overexpressed with CXCR7 for 24h, followed by co-cultured with activated B cells at a 1:1 ratio for 4 days. Phenotypic analyses of CD19 + B cells were performed using FCM.
Flow cytometry FCM was performed as described previously [31] . Cells were washed twice and suspended in fluorescence activated cell sorter (FACS) buffer containing 2% FBS and 0.1% sodium azide in PBS. Cells were subsequently incubated with the various antibodies according to the manufacturers' instructions. Antibodies used for labeling were FITC-labeled anti-Sca-1, anti-CD29 and anti-CD45 (BD Bioscience), PElabeled anti-CD44 and anti-CD11b (BD Bioscience, San Jose, CA, USA), APC-labeled anti-mouse anti-CD90 and anti-CD19 (BD Bioscience), FITC-labeled anti-mouse CD1d (BD Pharmingen, San Diego, CA, USA), PerCP-Cy5.5-labeled anti-mouse CD5 (eBioscience, San Diego, CA, USA), and FITC-labeled anti-CXCR4 and anti-CXCR7 (eBioscience). Flow cytometry was performed on a FACSC alibur (Becton Dickinson, San Jose, CA, USA) and analyzed with FlowJo software (Tree Star, Ashland, OR, USA).
Intracellular staining for IL-10 was performed as described in a previous report [10] . Activated B cells were co-cultured with various ratios of MSCs suspensions. After 4 days of incubation, cells were washed with PBS containing 1% FBS and stained with APC-labeled anti-mouse CD19mAb for 30 min at 4℃ in the dark. Cells were re-washed in PBS with 1% FBS and fixed in 4% paraformaldehyde for 20 min at 4℃ in the dark. Subsequently, cells were permeabilized with PBS buffer containing 1% FBS and 0.1% saponin and stained with PE-labeled anti-mouse IL-10 (eBioscience) at 4℃ in the dark, followed by washing and analysis with FCM.
Measurement of secreted cytokines and immunoglobulins MACS-purified CD19
+ B cells were co-cultured with MSCs for 4 days, and cell-free culture supernatants assayed for murine IL-6 and IL-10 using OptEIA ELISA kits (eBioscience) and mouse IgM and IgG using ELISA quantification kits (Bethyl Laboratories, Inc., Montgomery, USA) according to the manufacturers' instructions. Absorbance of assay plates was measured at 450 nm in a Bio-Rad (Hercules, CA, USA) 3550-UV microplate reader. Production of IL-10, IL-6, IL-7, IL-4, IFN-γ, and TNF-α in the supernatant fractions of MSCs was determined with the Bio-Plex cytokine assay (Bio-Rad, Hercules, CA), in keeping with the manufacturer's instructions.
Qin et al.: MSCs Induce IL10+ Breg Cells
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry
Western blotting MSCs were washed with ice cold PBS and harvested in lysis buffer containing proteinase inhibitors. Proteins were separated onsodium dodecyl sulfate polyacrylamide gels (SDS-PAGE) and transferred onto polyvinylidene difluoride membranes. Membranes were blocked with TBS-T buffer containing 5% nonfat dry milk and incubated overnight at 4℃ with primary antibodies against CXCR4 (Santa Cruz Biotechnology, CA, USA), CXCR7 (R&D Systems, Minneapolis, MN, USA), or β-actin (Santa Cruz Biotechnology) , followed by washing and incubation with horseradish peroxidase (HRP)-conjugated secondary antibodies. Immune complexes were visualized by enhanced chemiluminescence (ECL).
Transient cell transfection
MSCs were transfected with an expression vector containing the mouse CXCR7 openreading frame, pUNO1-mCXCR7, or an empty vector (pUNO1) (InvivoGen, San Diego, CA, USA). 2×10 6 MSCs were plated in six-well plates and cultured in DMEM containing 10% FBS until cell density reached 75% confluence. Plasmid DNA was diluted in opti-MEM medium (Gibco) and transfected into MSCs using Lipofectamine (Gibco). In each experiment, transfection efficiency was assessed using western blot. The functional characteristics of CXCR7-transfected MSCs were further examined using cell viability, ELISA assay and co-cultured assay.
Cell viability and cytotoxicity assays MSCs (2.5×10 5 ) were seeded in 24-well plates and incubated with different concentrations of SDF-1α. The CXCR7 inhibitor, CCX771 (1μM, synthesized by ChemoCentryx, Mountain View, CA, USA), or the CXCR4-specific antagonist, AMD3100 (5μM, Sigma-Aldrich), was added, and cell proliferation was measured after 0-4 days using the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. Optical density (OD) was measured at 490 nm. Cell viability was evaluated after 48 h of culture with FCM using Annexin V-APC-Propidium Iodide (PI) staining, as described previously [32] . Cytotoxicity was additionally determined by measuring the amunt of dehydrogenase (LDH) released in cell culture medium using an LDH assay kit (Sigma) via recording absorption at 340 nm according to the protocolof the manufacturer.
Transwell experiments
Transwell chambers with 0.4 μm pore membranes (Costar) were used to physically separate stimulated B cells from MSCs. Activated B cells (1×10 6 ) were seeded in the upper chamber and MSCs overexpressing CXCR7 in the lower chamber at a 1:1 ratio. After four days, phenotypic analysis of CD19 + B cells was performed using FCM.
Statistical analysis
Results are expressed as mean ± SD. Experiments were repeated at least three times. The KruskalWallis or the Mann-Whitney test was performed for statistical comparisons using Graph-Pad Prism™ software (Graphpad, San Diego, CA, USA). P values <0.05 were considered statistically significant.
Results

Characteristics of mouse MSCs
After the third passage, MSCs in culture exhibited a larger and clostridial phenotype (Fig.  1A) . Under the appropriate stimuli, MSCs differentiated into adipocytes and osteoblasts (Fig.  1B and C, respectively) , demonstrating multi-lineage differentiation potential. Cultivated MSCs strongly expressed the mesodermal surface markers CD90, CD29, SCA-1 and CD44, but not the hematopoietic markers, CD45 and CD11b (Fig. 1D) .
MSCs induce IL-10+ B regulatory cells
To investigate the effect of MSCs on activated of murine B lymphocytes, MACS-purified CD19+ B cells stimulated for 72h with a combination of LPS and αCD40 were co-cultured with MSCs at different ratios. CD19+ B cells in the presence of stimuli incubated with MSCs at ratios of 1:1 and 1:10 displayed an increased proportion of IL-10 + Breg cells, compared with CD19 + B cells cultured without MSCs ( Fig. 2A and B) . Limited production of cytokines (IL-6 and IL-10) was observed in the cultures of MSC alone, while co-culture of MSCs with activated B cells at the lower ratios (1:1 and 1:10 but not 1:100) resulted in increased secretion of IL-6 and IL-10 into culture supernatants ( Fig. 2C and D) . We additionally examined the immunoglobulin (Ig) production ability of CD19 + B cells incubated without and with MSCs at ratios of 1:1, 10:1, and100:1 in the presence of LPS and αCD40. Notably, IgM secretion was increased in the supernatant fractions of co-cultures of B cells and MSCs at the lower ratios (1:1 and 10:1, but not 100:1), whereas IgG production remained unaffected (Fig. 2E and F) .
The MSCs primarily stimulated the CD1d + marginal zone (MZ) subset of IL-10 + Breg cells (>99% of total IL-10 + cells) to express IL-10, and 20-30% of the CD1d + cells were CD5 + B10-like cells ( Fig. 2G and H) .
SDF-1α regulates MSC viability through CXCR7
The SDF-1-CXCR4/CXCR7 axis plays an important role in chemotaxis, viability, and paracrine actions of MSCs. To determine the effects of SDF-1 on cell viability, MSCs were cultured with different concentrations of SDF-1α. Low concentrations of SDF-1α (0.1μg/ml) stimulated cell proliferation and had no effect on cell viability (Fig. 3A and B) . In contrast, higher concentrations of SDF-1α (≥ 0.5 µg/ml) significantly inhibited MSC proliferation and 
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To determine whether the effects of SDF-1 are mediated via CXCR7 and CXCR4, we initially determined the expression patterns of these receptors in MSCs treated with SDF-1α. Western blot analysis showed that at concentrations ≥ 0.1 µg/ml, SDF-1α upregulated both CXCR4 and CXCR7 (Fig. 3D) . However, at SDF-1α concentrations ≥ 0.5 µg/ml, CXCR7 levels started to decrease gradually. FCM analysis further disclosed that the number of CXCR4-or CXCR7-positive cells was significantly higher in MSCs exposed to ≥ 0.1 µg/ml SDF-1α than non-treated MSCs. At SDF-1α concentrations ≥ 0.5 µg/ml, the number of CXCR7-positive cells started to decrease gradually (Fig. 3E) . nor AMD3100 effected the decrease in cell viability and increase in LDH release induced at high SDF-1α concentrations (1μg/ml) ( Fig. 3H and I) .
To ascertain whether decreasing CXCR7 levels at high SDF-1α concentrations affect MSC proliferation and viability, CXCR7 was transiently overexpressed in MSCs. Transient overexpression of CXCR7 in MSCs prior to treatment with SDF-1α (1μg/ml) promoted cell proliferation and induced an increase in cell viability and decrease in LDH release (Fig. 3J , K and L). Our results clearly indicate that the CXCR7 receptor is required for MSC viability under SDF-1α culture conditions.
Effect of SDF-1α-CXCR7 on the immunomodulatory activity of MSCs on IL-10+Breg cells
MSCs secrete factors that regulate immunity. Low concentrations of SDF-1α (0.1μg/ml) induced a significantly increase in MSC-secreted IL-6, IL-10, IL-4, IFN-γ, and TNF-α, compared with the control group. At high concentrations of SDF-1α (≥ 0.5 μg/ml), cytokine levels started to decrease gradually (Fig. 4A) . Secretion of cytokines induced by low concentrations of SDF- Cellular Physiology and Biochemistry 1α (0.1 μg/ml) was completely abolished by the CXCR7 receptor inhibitor, CCX771.Moreover, CXCR7 overexpression in MSCs reversed the inhibitory effect of high concentrations of SDF-1α (1 μg/ml) (Fig. 5A) . Base on the results, we suggest that the CXCR7 receptor is required for MSC paracrine action under SDF-1α culture conditions. To establish whether the SDF-1-CXCR7 axis plays a role in MSC immunoregulation, MSCs were pretreated with the indicated concentrations of SDF-1α for 24h and co-cultured with B cells for 3 days. Low concentrations of SDF-1α (0.1μg/ml) (cultured at a 1:1 ratio with MSCs) promoted the immunomodulatory effect of MSCs, inducing a further increase in IL-10 + Breg cells (Fig. 4B, C) and IL-10 secretion production (Fig. 4D) , relative to the levels observed in the absence of SDF-1α. However, at high concentrations, SDF-1α (≥ 0.5 μg/ml) inhibited the immunomodulatory effect of MSCs on B cells, and the increase in IL-10 + Breg cells as well as IL-10 and IL-6 secretion were significantly suppressed ( Fig. 4B-E) . Low SDF-1α-induced secretion of cytokines (0.1 μg/ml) was completely abolished by CXCR7 receptor inhibitor, CCX771. Overexpression of CXCR7 in MSCs reversed the inhibitory effect of high concentrations of SDF-1α (Fig. 5C-E) .
Effects of CXCR7-overexpressing MSCs on B-cell subsets are dependent on soluble factors
Secretion of soluble factors (except IL-7) was significantly increased in CXCR7-overexpressing MSCs, compared with control (Fig. 6A) . To determine whether release of these soluble factors is necessary for B-cell stimulation, we stimulated B-cell subsets in a transwell system with B cells in the lower chamber and CXCR7-overexpressing MSCs in the upper chamber (1:1 ratio). In parallel, control B cells were kept in contact with MSCs, similar to the above experiments. A significant increase in IL-10 + Breg cells was induced by CXCR7-overexpressing MSCs irrespective of the presence or absence of the filter separating B cells from MSCs (Fig. 6B) . CXCR7-overexpressing cells also promoted secretion of IL-10 and IL-6 into the co-culture supernatant ( Fig. 6C and D) .
Discussion
MSCs have been shown to exert immunosuppressive activity in vitro and in vivo on activated T cells [30] , dendritic cells [33] and NK cells [34] . However, conflicting results have been obtained with regard to direct immunomodulatory effects of MSCs on B cells, with previous studies reporting two opposite effects on B cell proliferation and differentiation. Krampera et al. [11] showed that MSCs inhibited the B-cell proliferation, dependent on IFN-γ-induced indoleamine 2,3-dioxygenase (IDO) production. Corcione and co-workers [10] demonstrated that in vitro, MSCs suppress proliferation of B cells activated with different B-cell tropic stimuli and interfere with their differentiation, chemotactic behavior and antibody production. In contrast, Traggiai et al. [9] reported that bone marrow-derived MSCs in vitro are able to promote proliferation and differentiation of transitional and naive B cells upon stimulation with CpG, soluble CD40L, anti-Ig antibodies and IL-2. These discrepancies may be attributable to various factors, including different experimental conditions, species of the MSC origin, purity of B cells or MSCs, strength of stimuli, and different signaling pathways initiated by the stimuli via the cell-cell contact or humoral factors. Further investigate is essential to verify the immunomodulatory action of MSCs on B cells.
In the current study we evaluated the immunomodulatory effects of MSCs on Breg cells. CD19 + cells co-cultured with MSCs at equal or 3 to 4-fold higher counts resulted in stimulation of intracellular IL-10 expression in B-cells and increased secretion of IL-10, IL-6, and IgM. In contrast, we observed limited production of cytokines (IL-6 and IL-10) in cultures of MSC alone. Incresed production of IL-10 and IL-6 in co-culture supernatants was mainly attributed to secretion by B-cells. In addition, we demonstrated that MSCs primarily induced CD1d
+ MZ B cells to generate IL-10, consistent with previous studies showing that MZ B cells are the major IL-10-producing B cells [35] . CD1d expression may be associated with the increase in IL-10 production [36] . The Breg subset, characterized by increased CD1d expression, was initially identified by Mizoguchi et al. [37] . The group showed that CD1d hi B cells producing IL-10 act as regulatory cells to suppress the progression of intestinal inflammation in a mouse model of chronic colitis. Future studies should focus on the precise working mechanism underlying the regulatory role of MSC-induced B cells.
The immunomodulatory mode of action of MSCs remains unclear at present. Previously, Rassmuson and colleagues [5] reported contact-dependent stimulation of IgG production in spleen-derived B-cell by MSCs. The group also reported MSC stimulation of IL-6 and INF-γ in spleen-derived mononuclear cells, although they did not observe this effect on B-cell enriched cultures. A number of studies have shown that MSCs regulate T-cell immune functions by secreting a variety of cytokines and chemokines, such as IL-10, IL-6, IFN-γ, TNF-α, TGF-β, PGE2, and HGF [4, 18, 38] . Data from the current study indicate that SDF-1α regulates MSC viability and paracrine actions through CXCR7. In our experiments, low concentrations of SDF-1α (0.1μg/ml) promoted MSC proliferation and production of cytokines (IL-6, IL-10, IL-4, IFN-γ, TNF-α) through CXCR7, possibly stimulating the regulatory function of B cell. However, higher concentrations of SDF-1α (≥ 0.5 µg/ml) led to significantly decreased MSC cell viability and increased cytotoxicity. At high concentrations of SDF-1α (≥ 0.5 μg/ml), levels of MSC cytokines (IL-6, IL-10, IL-4, IFN-γ, TNF-α) were markedly lower than those at low concentrations of SDF-1α. Notably, we observed a clear reduction of intracellular IL-10 expression and secretion of IL-10 and IL-6 in CD19
+ cells co-cultured with MSCs. Consistent with the reported CXCR7 scavenger activity [27, 39] , our results showed that overexpression of CXCR7 reverses the effects of SDF-1. Data from transwell assays additionally showed that the effect of CXCR7-overexpressing MSCs on B-cell subsets is dependent on soluble factors. CXCR7 overexpression significantly enhanced the secretion of these factors in MSCs. Previous studies have shown that IL-6, a potent B-cell growth factor, is produced by MSCs after stimulation with TLR9 agonist. IFN-γ promotes the immunosuppressive capacity of adult human mesenchymal stem cells [40] . CXCR7 might serve as a promising candidate for Breg stimulation by MSCs. The findings suggested that dual directional regulation between SDF-1a and CXCR7, although the exact molecular mechanism requires further investigation.
In conclusion, we have demonstrated that an immunomodulatory effect of MSCs on the activation of murine B lymphocytes stimulated with LPS and αCD40 and induction of Breg cells by MSCs for the first time. However, the immune actions of MSC-induced Bregs in vitro and in vivo require elucidation. In addition, the SDF-1-CXCR7 axis appears to play an important role in Breg stimulation by MSCs via paracrine actions, presenting a potential candidate target to enhance the immunomodulatory function of these cells.
